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We report high resolution coherent population trapping on a single hole spin in a semiconductor
quantum dot. The absorption dip signifying the formation of a dark state exhibits an atomic physicslike dip
width of just 10 MHz. We observe fluctuations in the absolute frequency of the absorption dip, evidence of
very slow spin dephasing. We identify the cause of this process as charge noise by, first, demonstrating that
the hole spin g factor in this configuration (in-plane magnetic field) is strongly dependent on the vertical
electric field, and second, by characterizing the charge noise through its effects on the optical transition
frequency. An important conclusion is that charge noise is an important hole spin dephasing process.
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Coherent population trapping (CPT) is a quantum
interference effect which arises in an optical Λ system
[1]. Two ground states are coupled individually by “pump”
and “probe” lasers to a common upper level. At the two-
photon resonancewhen the frequency difference of the lasers
matches the frequency difference of the ground states, one of
the three eigenstates has zero amplitude of the upper level,
the “dark” state. CPT refers to the signature of the dark state,
a dip in the probe absorption spectrum as the probe is tuned
through the two-photon resonance. Specifically, for probe
and pump couplings ℏΩ1, ℏΩ2 in the perturbative regime
ℏΩ1 ≪ ℏΩ2 ≪ ℏΓr (Γr is the spontaneous emission rate
from the upper state), the dip has width ℏΩ22=Γr.
CPT is a key effect in atomic physics. First, CPT forms
the microscopic basis of electromagnetically induced trans-
parency which itself underpins a scheme for slowing light
[2]. Second, the narrow dip enables the frequency separa-
tion of the ground states to be measured extremely precisely
by optical means. Third, the dark state of CPT can be used
for quantum control [3]. Finally, the “visibility” of the
quantum interference at the CPT dip is sensitive to the
ground state coherence (but insensitive to the upper state
coherence) [4–7]: ground state decoherence admixes the
dark state with the two bright states. The dip width sets
the sensitivity to the coherence time T2: for 1=T2 ≪ Ω22=Γr
the signal in the dip goes to zero but for 1=T2 ≫ Ω22=Γr
the dip is washed out. The sensitivity to the dephasing
time T2 comes about because ground state dephasing
implies a fluctuating two-photon resonance position, result-
ing in both an increase in dip width and a decrease in
“visibility.”
It is motivating to implement CPT in a semiconductor.
Systems include excitons in GaAs quantum wells [8],
bound excitons in GaAs [9], and spin states in InGaAs
quantum dots [5–7]. The challenge is to engineer two
ground states with T2 and T2 times much larger than the
radiative lifetime τr of the upper state. A single electron in
an InGaAs quantum dot is an obvious candidate: the spin
states represent a two-level system, and spontaneous
emission is fast, τr ∼ 1 ns [10]. Unfortunately, in the
presence of noisy nuclei, the hyperfine interaction limits
T2 to just a few ns [11,12] and the CPT dip can only be
observed at large optical couplings where it is inevitably
broad [5]. The situation improves either by reducing the
nuclear spin noise [13] or by using a quantum dot molecule
[7] at a point where the first order sensitivity to spin noise
vanishes.
A hole spin is potentially simpler. A heavy hole state
with spin eigenvectors J ¼ ð3=2Þ, Jz ¼ ð3=2Þ is pre-
dicted to become coherent in an in-plane magnetic field
[14]. Conveniently, the in-plane magnetic field is exactly
the field direction required to establish the Λ system [5,6].
The key point is that a perfect heavy hole spin is sensitive to
nuclear spin noise only along the vertical direction z, noise
which can be suppressed by applying an external magnetic
field in the (x, y) plane [14]. The extent to which the
idealized heavy hole picture applies to a real hole in a
quantum dot has been explored in a number of recent
optical experiments [6,15–21]. The Hahn echo T2 is in the
μs range [20], a remarkable result bearing in mind the
extremely limited hole spin coherence in quantum wells
and bulk material [22,23]. Spin dephasing times T2 lie in
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the 10–100 ns regime with significant differences from
experiment to experiment [6,19–21]. CPT dips have been
observed on a single hole spin [6] but these experiments
used optical couplings only slightly less than the radiative
decay rate, resulting in dip widths of ∼100 MHz. This is
too large for slow light, high resolution spectroscopy and
quantum metrology applications. It also renders the experi-
ment insensitive to decoherence times above about 100 ns.
We report here CPT on a single hole spin in the
perturbative regime. A dip width of just 10 MHz is
demonstrated. The residual absorption in the center of
the dip is zero (within random error), consistent with a
coherence time T2 ≥ 1 μs. However, we discover a scan-to-
scan variation in the CPT position. We relate this to charge
noise. On the one hand, we measure the dependence of the
hole spin g factor on vertical electric field. On the other
hand, we quantify the fluctuations in vertical electric field
through their effects on the optical transition, the depend-
ence arising via the dc Stark effect. We identify charge
noise as an important dephasing mechanism for the
quantum dot hole spin. Charge-noise induced spin dephas-
ing is potentially important for other spin qubits with an
electric-field dependent g factor and for systems with a
strong spin-orbit interaction.
The semiconductor device is a p-type charge-tunable
heterostructure to which a voltage Vg is applied, Fig. 1(a)
[6,15,24]. Laser spectroscopy is carried out using differ-
ential reflectivity (ΔR=R) detection, Fig. 1(b) [25,26]. The
exciton’s optical linewidth is dot dependent, typically
5–10 μeV [24]. This is considerably larger than both the
transform limit, ∼0.8 μeV [27], and the linewidths on high
quality n-type samples, ∼1.5 μeV [25,27], and reflects
additional charge noise associated with the p-type doping
[24]. A magnetic field of 0.5 T is applied in the plane, and
then two-color pump-probe laser spectroscopy is carried
out using two coherent lasers. The experiment is very
challenging: ΔR=R is very small at the optical resonance
(0.1%); at the ultralow laser powers used here noise in the
detector circuit is significant; and in the perturbative
regime (ℏΩ1 ≪ ℏΩ2 ≪ ℏ=τr), the width of the CPT dip
approaches the limit set by the mutual coherence of the
lasers. We meet these challenges with a solid immersion
lens to boost the ΔR=R signal, a modulation technique to
reject noise in the reflectivity signal, and a stabilization
scheme to lock the pump-probe frequency difference to a
radio frequency reference (mutual coherence of 2.0 MHz
in 30 s).
A CPT dip on a single hole spin in a magnetic field of
0.5 T and temperature 4.2 K is shown in Fig. 2. The optical
couplings ℏΩ1, ℏΩ2 were determined by measuring an
Autler-Townes splitting at high laser powers, extrapolating
the couplings to low laser powers using the scaling ℏΩ ∝
ﬃﬃﬃ
P
p
(P is the laser power), Fig. 3(a). In the CPTexperiment,
ℏΩ2 is a factor of 3 lower than the spontaneous decay rate
Γr ¼ 1=τr. The full-width-at-half-maximum of the CPT dip
is just 13 MHz, equivalently 54 neV, corresponding to just
10−7 of the frequency of the optical transitions, and just
10−3 of the thermal energy. Figure 2 constitutes our main
result: a CPT dip linewidth in the MHz regime, a spectral
sensitivity usually associated with atomic physics and not a
semiconductor experiment.
The solid lines in Figs. 2 and 3(a) correspond to the
results of a 3-level density matrix (ρ) calculation [6]. The
result for ρ13 [2] is convoluted with a Lorentzian distribu-
tion of width ΓX in the energy of the upper level E3 in order
to describe the effects of charge noise. ΓX is known from
the one-laser characterization at B ¼ 0. The result is then
convoluted again, this time with a Lorentzian function of
FIG. 1 (color online). (a) Layer sequence of the semiconductor
heterostructure. The tunnel barrier is 25 nm, capping layer 10 nm
and short-period superlattice 120 nm. Postgrowth, Ohmic con-
tacts along with a semitransparent surface gate electrode are
fabricated. (b) Schematic of the optical setup.
FIG. 2 (color online). Probe absorption in the presence of a
close-to-resonant pump laser on a single InGaAs quantum dot
containing a single hole spin at B ¼ 0.5 T and T ¼ 4.2 K, 10 s
integration per point. The absorption (here, differential reflec-
tivity ΔR=R) shows an absorption dip signifying coherent
population trapping. The solid line shows the result of a 3-level
density matrix model (ℏΩ1 ¼ 0.17, ℏΩ2¼0.35, ℏδ2¼−2.5 μeV,
ℏ=τr ¼ 0.8 μeV, T2 ≥ 1 μs, T1 ≫ T2) convoluted with a Lor-
entzian with FWHM ΓX ¼ 5 μeV (1.22 GHz) to describe slow
exciton dephasing, and then with a Lorentzian with FWHM
8.3 neV (2.0 MHz) to account for the mutual coherence of the
lasers.
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width 2.0 MHz (8.3 neV) to describe the limited mutual
coherence of the lasers. In the limit of large ℏΩ2, the
Autler-Townes experiment, ℏΩ2 is treated as a fit param-
eter, and the result describes the absorption envelope
extremely well, Fig. 3(a). In the limit of small ℏΩ2, the
CPT experiment, the result describes the dip width and
depth extremely well (Fig. 2). In the CPT limit, there are no
unknowns apart from a small uncertainty in ℏδ2, the pump
detuning (see below).
The residual signal in the CPT dip of Fig. 2 can be fully
accounted for by the mutual coherence of the lasers: the
condition 1=T2 ≪ Ω22=Γr is satisfied, which translates to
T2 ≥ 1 μs. Furthermore, the width of the CPT dip in Fig. 2
is described with the three-level model without ensemble
averaging. This sets a lower limit on the dephasing time:
from the uncertainty in the CPT width (Fig. 2) we
determine T2 ≥ 100 ns. A measurement of T2 on a single
emitter involves an integration of the experiment in time,
equivalently over a frequency bandwidth. The value of T2
deduced from Fig. 2 represents an integration over meas-
urement frequencies starting at about 0.01 Hz.
We take advantage of the narrow dip to perform high
resolution dark state spectroscopy. We find that the fre-
quency of the dip fluctuates from scan to scan, Fig. 3(b),
over a range of ∼5 MHz (∼20 neV). Occasionally, larger
frequency shifts are observed, possibly with an unusual line
shape, Fig. 3(b). These effects point to the presence of very
slow fluctuations in the frequency separation of the hole
spin ground states. In terms of T2, we find that T

2 falls to
just ∼30 ns when the measurement bandwidth starts at
∼0.0001 Hz. It is unlikely that nuclear spin noise is
responsible for this extra noise at very low frequencies.
On the one hand, nuclear spin noise lies at higher
frequencies [27]; on the other hand, we have not observed
any hysteresis effects in the CPT experiment, the typical
signature of the nuclear spins. The slow CPT fluctuations
are reminiscent of the low frequency wanderings of the
optical transition which has a 1=f-like noise spectrum and
arises from charge noise [27]. We therefore look for a link
between charge noise and the hole g factor.
We have characterized the eigenenergies as a function of
Vg by measuring the photoluminescence (PL) from the
positively charged trion X1þ in an in-plane magnetic field
B ¼ 9 T, Fig. 4(a). We resolve 4 lines corresponding to
the two “vertical” transitions and the two “diagonal”
transitions, Figs. 4(a) and 4(b). Figure 4 shows the Vg
FIG. 3 (color online). (a) Probe absorption versus probe
detuning on the same quantum dot as Fig. 2 in the regime ℏΩ2 ≫
ℏ=τr showing an Autler-Townes splitting. The solid curve is a fit
to the data, ℏΩ2 ¼ 4.7 μeV, ℏδ2 ¼ 0.0 μeV, as fit parameters.
ΓX ¼ 7.5 μeV is taken from ΔR=R at B ¼ 0. (b) Probe absorp-
tion versus probe detuning on the same quantum dot in the regime
ℏΩ2 ≪ ℏ=τr. Three curves are shown under close-to-identical
conditions showing a shift in the location of the dip in one case by
4 MHz (17 neV), and in another case by 23 MHz (95 neV).
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FIG. 4 (color online). (a) The quantum states of a single hole
spin in an in-plane magnetic field. ↑, ↓ denotes an electron spin,
⇑, ⇓ a hole spin. (b) Photoluminescence on a single InGaAs
quantum dot (different quantum dot from Figs. 2 and 3 but from
the same wafer) at B ¼ 9.0 T and T ¼ 4.2 K as a function of Vg
over the extent of the single hole Coulomb blockade plateau. Four
transitions are visible, labeled 1–4, and identified in (a). The
width of each peak is determined by the spectrometer detector
(system resolution 50 μeV). The apparent steps are an artifact
arising from the pixelated detector. (c) Electron and hole g
factors, ge and gh, versus Vg. Vg is converted into vertical electric
field F with F ¼ −eðVg þ VoÞ=D with D ¼ 155 nm and
Schottky barrier Vo ¼ 0.62 V. Under the assumption of a
negative ge, gh is positive. The error on each point is ∼2 μeV
using a routine which corrects for the detector pixelation.
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dependence of the electron and hole Zeeman energies. To
within error, ∼0.25%, the electron Zeeman energy EeZ is
independent of Vg; in contrast, the hole Zeeman energy EhZ
changes by ∼5% over the X1þ plateau. Defining the gh via
EhZ ¼ ghμBB, we find gh ¼ 0.15þ αF with α ¼
8.6 × 10−4 cm=kV (F is the vertical electric field).
The dependence of gh on F creates a mechanism by
which charge noise can result in spin dephasing: electric
field fluctuations cause changes to the hole spin precession
frequency. In particular, the low frequency charge noise
causes both the optical transition energy and the CPT dip
position to wander. Specifically, the charge noise in a
bandwidth fscan ≤ f ≤ 1=τr can be determined by meas-
uring the optical linewidth at rate fscan, converting the
inhomogeneous broadening into electric field noise via the
known Stark shift. This is easy to measure with the resonant
laser spectroscopy employed here. Charge noise at lower
frequencies f ≤ fscan results in scan-to-scan fluctuations of
the resonance energy. CPT is recorded on the same
quantum dot experiencing the same noise: a powerful
connection can therefore be made between the optical
linewidth and the CPT experiment.
The optical linewidth in Fig. 2 is 5.0 μeV. Together with
the known Stark shifts, dE=dF ¼ 18 μeV=kVcm−1
[dE=dVg ¼ 1.12 μeV=mV], this results in ΔF ¼
0.28 kVcm−1 [ΔVg ¼ 4.5 mV]. This charge noise ΔF
results in turn in a fluctuation in gh of Δgh ¼ 2.4 × 10−4,
equivalently, ΔEhZ ¼ 7 neV (1.7 MHz) at 0.5 T. This
broadening is comparable to the frequency resolution of
the experiment and therefore plays a small role. This
explains why the CPT dip in Fig. 2 can be explained
without taking into account charge noise-induced dephasing.
The effects in Fig. 3(b) arise when fscan is reduced even
further. In this case, ultralow frequency flicker noise results
in wanderings of the quantum dot optical resonance typically
by one or two linewidths over the course of many minutes
[27]. These optical shifts induce in turn wanderings of the
CPT dip, by a few MHz, as observed in Fig. 3(b). The larger
shifts in CPT position, Fig. 3(b), may represent highly
unlikely but more extreme changes to the electrostatic
environment of the quantum dot.
Our results point to the role of charge noise in dephasing
a quantum dot hole spin. In this experiment, the charge
noise in EhZ implies a dephasing time of T
;c
2 ≃ 100 ns on
integrating noise in a bandwidth starting around 0.01 Hz at
B ¼ 0.5 T. T;c2 reflects an upper limit to T2 for a given
fscan: other processes could reduce T2 further. A consis-
tency check is that the measured T2 in a similar bandwidth
(Fig. 2) cannot be higher than T;c2 . This is indeed the case.
Specifically, the experiment demonstrates that charge noise
is the dominant dephasing mechanism at very low values of
fscan [Fig. 3(b)].
The key to increasing T2 is to reduce the charge noise.
Some quantum dots in the sample have lower optical
linewidths despite similar Stark shifts pointing to a lower
level of local charge noise and for these quantum dots we can
expect T2 ≥ 100 ns. Generally speaking, these resonant
laser spectroscopy experiments have low charge noise, much
less than in experiments with nonresonant excitation [27].
Experiments with more charge noise will therefore give
smaller hole spin T2 values. Charge noise also results in a B
dependence of T2. We find that dgh=dF is B independent:
the fluctuations in EhZ increase linearly with increasing B for
constant charge noise implying that T2 scales as 1=B:
T2 ≃ ℏ=ðjdgh=dFjΔFμBBÞ. The B dependence may be
obscured should other dephasing mechanisms come into
play at higher magnetic fields, for instance hyperfine
coupling [20,21] or the interaction with phonons [16,28].
We note, however, that hole spin dynamics at magnetic fields
of several Tesla reveal smaller T2 values [20,21] than those at
low magnetic field [6,19], and this is consistent with charge
noise-dominated spin dephasing.We stress that an advantage
of the present experiment is that the charge noise is measured
in situ via the laser spectroscopy.
In conclusion, we report 10 MHz wide CPT dips in laser
spectroscopy experiments on a quantum dot hole spin. The
quantum dot is embedded in a very good but imperfect
device. Charge noise causes slow wanderings of the CPT
dip. There are a number of mitigating strategies. First, p-
type devices need to be developed with less charge noise,
ideally with the low levels of charge noise associated with
the best n-type devices. Second, the dependence of the hole
g factor on electric field, while possibly an attractive feature
for electrical qubit control, can be reduced by appropriate
quantum dot design.
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